Introduction {#sec1}
============

Tissue adhesives are widely used in surgery for wound closure, sealing suture lines, fixating of implants, and functioning as a hemostatic agent.^[@ref1]−[@ref3]^ Tissue adhesives can simplify complex procedures, reduce surgery time, and minimize trauma. However, there are limitations associated with existing commercial adhesives. Fibrin glue (e.g., Tisseel, Baxter, Inc.) is hampered by weak adhesive properties and the risk for transferring blood-borne diseases (e.g., HIV, hepatitis).^[@ref4]−[@ref6]^ Although cyanoacrylate-based adhesive (e.g., Dermabond, Ethicon, Inc.) exhibits excellent adhesive strength, it releases a toxic degradation product (formaldehyde), has poor biomechanical compatibility with the repaired tissues, and degrades over an extremely long period of time (\>3 years).^[@ref7],[@ref8]^ Synthetic adhesives consisting of biocompatible polyethylene glycol (PEG; e.g., CoSeal, Baxter, Inc.) have poor mechanical properties and may swell excessively to apply pressure to surrounding tissues (e.g., nerve compression).^[@ref9],[@ref10]^ Additionally, PEG-based hydrogels act as a barrier to tissue ingrowth and wound healing.^[@ref11]^ Thus, there is a continued need for the development of biocompatible and biodegradable tissue adhesives with superior adhesive strengths.

Marine mussels secrete adhesive proteins that enable these organisms to attach to surfaces (rocks, boats, etc.) in a wet, saline environment.^[@ref12],[@ref13]^ These proteins contain as much as 28 mol % of a catecholic amino acid, 3,4-dihydroxyphenylalanine (DOPA), which plays an important role in interfacial binding and intermolecular cross-linking.^[@ref14]^ The catechol is a unique and versatile adhesive molecule capable of binding to both inorganic and organic surfaces through either reversible or covalent bonds. Catechol forms strong, reversible bonds with metal oxides with bond strength reaching 40% that of a covalent bond.^[@ref15]^ This is the strongest reversible bond involving a biological molecule reported to date. When catechol is oxidized to form the highly reactive quinone, it participates in intermolecular covalent cross-linking, leading to the rapid curing of catechol-containing adhesives,^[@ref16],[@ref17]^ and reacts with nucleophile (i.e., −NH~2~, −SH) found on biological substrates, resulting in strong interfacial binding.^[@ref15],[@ref18]^ Catechol-modified bioadhesvie materials demonstrated potential in sutureless wound repair,^[@ref19]^ sealing of fetal membranes,^[@ref20],[@ref21]^ Achilles tendon repair,^[@ref22]^ cell engineering,^[@ref23],[@ref24]^ and local delivery of therapeutic drug particles.^[@ref25]^

In this study, we combined a biomimetic PEG-based adhesive with a synthetic, biodegradable nanosilicate, Laponite (Na^0.7+^(Mg~5.5~Li~0.3~Si~8~)O~20~(OH)~4~)^0.7--^), to create a novel nanocomposite tissue adhesive. Laponite has similar chemical composition as bioactive glass and mimics some of its biological properties.^[@ref26]−[@ref28]^ Laponite degrades into nontoxic products (Na^+^, Si(OH)~4~, Mg^2+^, Li^+^) at neutral pH.^[@ref29]^ Orthosilicic acid (Si(OH)~4~) is naturally found in numerous human tissues and organs (e.g., bone, tendon, liver, and kidney tissues),^[@ref30]^ and it had been demonstrated to promote synthesis of type I collagen and osteoblast differentiation in human osteosarcoma cells in vitro.^[@ref31]^ Mg^2+^ ions also play an important role in mediating cellular adhesion.^[@ref32]^ Incorporation of Laponite into bioinert polymeric networks promoted cell attachment and proliferation while greatly enhanceing the mechanical properties of these materials.^[@ref33],[@ref34]^ Recently, our lab demonstrated that the strong interfacial binding between Laponite and network-bound dopamine greatly enhanced the mechanical strength and toughness of nanocomposite hydrogels.^[@ref35]^

Here, we combined Laponite with an injectable PEG-based adhesive that is modified with biomimetic catechol adhesive moiety (PEG-D4, Scheme [1](#sch1){ref-type="scheme"}). The effect of Laponite incorporation on the curing rate, degradation rate, mechanical and adhesive properties, and biocompatibility (both in culture and in a rat subcutaneous model) of the nanocomposite bioadheisve were evaluated.

![Chemical Structure of PEG-D4](am-2014-04566v_0009){#sch1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Sodium periodate (NaIO~4~, \>99.8%) was obtained from Acros Organics (Fair Lawn, NJ). Bovine pericardium was purchased from Sierra for Medical Science (Whittier, California). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 98% (MTT) was from Alfa Aesar (Ward Hill, MA). 1X phosphate buffer saline was from Fisher Scientific Co. (Pittsburgh, PA). Histology mounting medium polyfreeze, Trichrome Stain (Masson) Kit, bouin solution, and Weiger's iron hematoxylin solution were purchased from Sigma-Aldrich (St. Louis, MO). Anti-S100A4 antibody (ab27957), goat antirabbit IgG H&L (Alexa Fluor 488) (ab150077), anti-CD68 antibody (ab125212), and goat antirabbit IgG H&L (Alexa Fluor 647) were purchased from Abcam (Cambridge, MA). 4′,6-Diamidino-2-phenylindole (DAPI) was obtained from Invitrogen (Grand Island, NY). Laponite XLG (Laponite) was a gift from Southern Clay Products, Inc. (Austin, TX). PEG-D4 was prepared as previously described.^[@ref36]^

Preparation of PEG-D4 Nanocomposite Hydrogels and Curing Time Testing {#sec2.2}
---------------------------------------------------------------------

Hydrogels were formed by mixing equal volumes of the polymer precursor solution (300 mg/mL PEG-D4 in 20 mM phosphate buffer solution at pH 7.4) and NaIO~4~ solution (54.5 mM in deionized H~2~O with 0--4 wt % Laponite). The concentrations of the respective constituents in the hydrogel are diluted by half after mixing, so that the concentrations of PEG-D4 and Laponite were kept at 150 mg/mL and 0--2 wt %, respectively. The final NaIO~4~-to-dopamine molar ratio ranged from 0.1 to 1.5. The time it took for the adhesive to cure was determined when the mixture ceased to flow in a tilted vial.^[@ref37]^ Unless specified otherwise, all hydrogels were allowed to cure for 24 h and equilibrated in phosphate-buffered saline (PBS) (pH = 7.4) for further characterizations.

Characterization of PEG-D4 Nanocomposite Hydrogels {#sec2.3}
--------------------------------------------------

Hydrogels were equilibrated in PBS (pH = 7.4) overnight and then vacuum-dried for at least 2 d to obtain dry gels. Fourier transform infrared (FTIR) spectra of the dried samples were obtained using a PerkinElmer Spectrum One spectrometer. Equilibrium water content (EWC) was defined aswhere *M*~s~ and *M*~d~ denote the mass of swollen and dry hydrogels, respectively.

In Vitro Degradation {#sec2.4}
--------------------

Hydrogel discs (diameter = 10 mm, thickness = 1.5 mm, *n* = 3) were transferred into vials containing 5 mL of PBS (pH = 7.4) and incubated at 37 °C. The PBS solution was removed and replaced with fresh PBS every 7 d. At a specific time, samples were dried to determine their remaining mass (*M*~t~) at time *t*. The percent residual mass of hydrogels was determined bywhere *M*~0~ is the average dry mass of three samples that did not undergo degradation.

Compression Testing {#sec2.5}
-------------------

Unconfined, uniaxial compression testing was performed using a servohydraulic materials testing system (8872 Instron, Norwood, MA). Hydrogels (number of repeat *n* = 3) were compressed at a rate of 1.8 mm/min until the sample fractured. The dimensions of each hydrogel (diameter ≈ 10 mm; thickness ≈ 5 mm) were measured using a digital caliper immediately before testing. Stress was determined based on the measured load divided by the initial surface area of the sample. Strain was determined by dividing the change in the position of the compressing plate by the initial thickness of the hydrogel. Toughness was determined by the integral of the stress--strain curve. The elastic modulus was taken from the slope of the stress--strain curve between a strain of 0.05 and 0.2.

Oscillatory Rheometry {#sec2.6}
---------------------

Rheological properties of the nanocomposite hydrogels were characterized using a Bohlin C-VOR 200 NF rheometer. Frequency sweeps (0.01--100 Hz at 0.1 strain) were performed to determine the storage (*G*′) and loss (*G*″) moduli. Hydrogel discs (diameter = 25 mm, thickness = 1.5 mm, *n* = 3) were tested using parallel plates at a gap distance that is set at 87.5% of the individual hydrogel thickness, as measured by a digital caliber. Mineral oil was applied around the edge of the hydrogel to prevent dehydration.

Lap Shear Adhesion Testing {#sec2.7}
--------------------------

Adhesive properties of hydrogels were determined by using lap shear adhesion test according to American Society for Testing and Materials (ASTM) standard F2255--05.^[@ref38]^ Bovine pericardium were cut into 2.5 cm × 2.5 cm strips and hydrated in PBS. PEG-D4 nanocomposite hydrogels were cured between two partially overlapping bovine pericardium with an overlapping area of 2.5 cm × 1 cm. The adhesive joint was compressed with a 100 g weight for 10 min and further conditioned in PBS (pH = 7.4) at 37 °C for overnight prior to testing. A commercial PEG-based sealant, CoSeal (Baxter, Inc.), was prepared the same way and tested for comparison. The dimensions of contact area of each adhesive joint were measured using a digital caliper immediately before testing. The adhesive joints were pulled to failure at a rate of 5 mm/min until the tissues separated, using a servohydraulic materials testing system (8872 Instron, Norwood, MA). The adhesive strength and work of adhesion were determined by the max load and integral area of load versus displacement curve divided by the initial contact area of the adhesive joint, respectively.^[@ref39]^

Cell Culture and in Vitro Cytotoxicity Study {#sec2.8}
--------------------------------------------

Cytotoxicity was evaluated by determining the viability of cells exposed to the hydrogel extracts,^[@ref19],[@ref40]^ as measured using quantitative MTT assay according to ISO 10993--5 guideline.^[@ref41]^ L929 mouse fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 10 units/ml penicillin--streptomycin at 37 °C in 5% CO~2~ humidified atmosphere. Hydrogels were cut into disc shape (5 mm diameter, 2 mm thick) and sterilized using two methods (ethanol^[@ref42]^ and sterile filtration^[@ref19]^). For ethanol-based sterilization, hydrogels were submerged in 70% (v/v) ethanol for 45 min followed by washing three times with 20 mL of sterile PBS for 90 min. The hydrogels were then incubated in DMEM (10 mg/mL) for 24 h at 37 °C to obtain hydrogel extract. To test if ethanol sterilization method may potentially remove cytotoxic leachable materials, disc-shaped hydrogels were formed using unsterile precursor solutions and incubated in DMEM (10 mg/mL) for 24 h at 37 °C. The hydrogel extracts were then filtered through a 0.22 μm sterile filter to remove biological contamination factors. L929 cells were suspended in DMEM and seeded into 96-well microculture plates at a density of 10^4^ cells/100 μL/well and incubated in humidified incubator (37 °C, 5% CO~2~) for 24 h to obtain a confluent monolayer of cells; then the medium was replaced by 100 μL/well of hydrogel extract. The cells cultured in DMEM were set as control. After incubation for 24 h the medium was removed and replaced with 50 μL of MTT solution (1 mg/mL in PBS) and incubated for another 2 h. Finally all solution was removed, and 100 μL/well DMSO was added to dissolve the crystals completely. The absorbance of each well was measured at 570 nm (reference 650 nm) using a Synergy HT Multi-Mode Microplate Reader (BioTek, USA). The relative cell viability (mean% ± SD, *n* = 3) was expressed aswhere Abs~hydrogel~ and Abs~control~ are the absorbance for cells cultured in hydrogel extract and DMEM, respectively. For each hydrogel formulation (PEG-D4 with 0, 1, and 2 wt % Laponite), three independent cultures were prepared. Samples with relative cell viability less than 70% were considered to be cytotoxic.^[@ref43]^

Subcutaneous Implantation {#sec2.9}
-------------------------

Healthy, weight-matched Sprague--Dawley rats were obtained from Michigan Technological University animal facility. PEG-D4 hydrogel and PEG-D4 nanocomposite hydrogel with 2 wt % Laponite discs (diameter = 10 mm, thickness = 1.5 mm) were bilaterally implanted subcutaneously in the backs of the Sprague--Dawley rats. The subcutaneous implantations were performed following the approved protocol by the Michigan Technological University Animal Committee (IACUC). Hydrogel samples were sterilized using the same procedure (ethanol-based sterilization) as in the in vitro cytotoxicity study.^[@ref42]^ Rats were anesthetized using an isofluorane--oxygen gas mixture, and fur around the implantation site was removed. A pouch was formed using a pair of fine scissors, and a hydrogel was placed in this pouch. Four and eight weeks postsurgery, the animals were sacrificed, and the implanted hydrogel along with surrounding skin tissues were collected, embedded in polyfreeze, and then flash frozen in liquid nitrogen. The frozen samples were stored in −80 °C freezer before sectioning. All tissues were cryosectioned into 10 μm thick sections and stained with Masson's trichrome staining for morphology and collagen production evaluation. Additionally, immunohistochemistry analysis was performed by staining the tissue sections with inflammatory cell marker CD68, fibroblast cell marker S100A4 for evaluating inflammatory cells invasion and fibroblasts infiltration. DAPI was used to locate the cells via staining the nuclei of cells. All histological imaging analyses were performed on an Olympus microscope. Trichrome staining was used to separate cellular rich layers (red color) close to implant interface from collagen layer (blue color).^[@ref44]^ Fluorescent staining was used to identify the main cell types (e.g., fibroblasts and macrophages) found at the implant interface. Cell infiltration and local collagen content were quantified by ImageJ.

Statistical Analysis {#sec2.10}
--------------------

Statistical analysis was performed using Origin software. One-way analysis of variance (ANOVA) with Tukey HSD analysis and student *t* test were performed for comparing means of multiple groups and two groups, respectively, using a *p*-value of 0.05.

Results and Discussion {#sec3}
======================

Preparation of PEG-D4 Nanocomposite Hydrogels {#sec3.1}
---------------------------------------------

A novel injectable nanocomposite adhesive was prepared by combining PEG-D4 and Laponite (Scheme [2](#sch2){ref-type="scheme"}). PEG, a hydrophilic, biocompatible polymer used in numerous Food and Drug Administration (FDA) approved products,^[@ref45]^ was employed as the major structural component for this tissue adhesive hydrogel. The four-armed PEG (10 kDa) was end-modified with glutaric acid and dopamine. PEG and glutaric acid are linked by a hydrolyzable ester linkage, and breaking of this bond results in adhesive degradation. Dopamine contains a catechol group that can be oxidized by oxidants (e.g., NaIO~4~) to form highly reactive quinone that is capable of intermolecular cross-linking (Scheme [2](#sch2){ref-type="scheme"}A).^[@ref37],[@ref46]^ Additionally, quinone reacts with functional groups (i.e., −NH~2~, −SH) found on biological tissue surfaces resulting in strong interfacial binding (Scheme [2](#sch2){ref-type="scheme"}B).^[@ref15],[@ref18]^ Finally, catechol forms strong physical interfacial bonds with Laponite, which greatly enhances the materials properties of the nanocomposite hydrogel (Scheme [2](#sch2){ref-type="scheme"}C).^[@ref35]^ Although samples characterized in this report were formed by simple mixing of the precursor solutions using pipet tips, the precursor solutions can be delivered and mixed using a dual-barreled syringe ([Supporting Information, Figure S1](#notes-2){ref-type="notes"}).

![Schematic Representation of Applying the Nanocomposite Adhesive to Tissue by Mixing PEG-D4 with NaIO~4~ and Laponite\
Dopamine is capable of forming three types of crosslinks in this system: (A) covalent crosslinking and polymerization between dopamine moieties, resulting in curing of the adhesive, (B) interfacial covalent crosslinking between dopamine and functional groups (e.g., −NH~2~) found on tissue surface, and (C) reversible physical crosslinks between dopamine and Laponite.](am-2014-04566v_0010){#sch2}

The curing time of PEG-D4 hydrogels was strongly dependent on NaIO~4~/dopamine molar ratios (Figure [1](#fig1){ref-type="fig"}). Regardless of Laponite content, the fastest curing time was observed at a NaIO~4~/dopamine molar ratio of 0.5. A similar trend has been previously reported for DOPA- and dopamine-modified PEG.^[@ref37],[@ref40]^ In periodate-mediated cross-linking, the reduced form of catechol cross-links with one of the oxidation intermediates of catechol, α,β-dehydrodopamine.^[@ref47]^ As such, a nearly equal molar concentration of dopamine and NaIO~4~ was needed to achieve fast curing. Additionally, incorporation of Laponite shortened the curing time for all the stoichiometric ratios of NaIO~4~ and dopamine tested. For example, at a NaIO~4~/dopamine molar ratio of 0.5, the curing times were 1.81 ± 0.12 min, 0.92 ± 0.03 min, and 0.33 ± 0.06 min for samples containing 0, 1, and 2 wt % Laponite, respectively. Strong interfacial binding between dopamine and Laponite resulted in the formation of physical cross-links within the nanocomposite network, which reduced the number of chemical cross-links needed for network formation and resulting in reduced cure time. Given a NaIO~4~/dopamine molar ratio of 0.5 exhibited the optimal curing rate, subsequent tests were performed using samples prepared at this ratio.

![Curing time of PEG-D4 hydrogel as a function of NaIO~4~/dopamine molar ratio with different Laponite concentrations. (inset) Graph of the results for NaIO~4~/dopamine molar ratio between 0.2 and 0.8.](am-2014-04566v_0013){#fig1}

Characterization of Nanocomposite Hydrogel {#sec3.2}
------------------------------------------

FTIR spectra confirmed the incorporation of Laponite into PEG-D4 network (Figure [2](#fig2){ref-type="fig"}). The spectrum of PEG-D4 showed characteristic peaks for ether bonds (1000--1150 cm^--1^, −C--O--C−), alkyl groups (2880 cm^--1^, −CH~2~−), and carbonyl (1729 cm^--1^, ester bonds)^[@ref48]^ but no Si--O--Si peak (995 cm^--1^) corresponding to that of Laponite.^[@ref49]^ The Si--O--Si peak was present in the nanocomposite networks (black arrows in Figure [2](#fig2){ref-type="fig"}), which also increased in intensity with increasing Laponite concentration.

![FTIR spectra of Laponite, PEG-D4, and PEG-D4 with 1 and 2 wt % Laponite. The arrows indicate the Si--O--Si peak in the nanocomposite hydrogel.](am-2014-04566v_0014){#fig2}

Equilibrium water content (EWC) averaged around 93 wt % for PEG-D4 hydrogels (Figure [3](#fig3){ref-type="fig"}). Incorporating Laponite into PEG-D4 demonstrated marginal decrease in EWC value (93.3% ± 0.04% and 92.8 ± 0.12 for 0 and 2 wt % Laponite, respectively). EWC is a measure of the physical properties of a hydrogel network, and EWC values are inversely proportional to both the cross-linking density and the mechanical properties of a hydrogel.^[@ref50],[@ref51]^ These results indicated that a relatively small amount of Laponite used in our study did not significantly alter the cross-linking density of the PEG-D4 network.

![Equilibrium water content of PEG-D4 hydrogels cured using a NaIO~4~/dopamine molar ratio of 0.5 and Laponite content of 0--2 wt %. \* *p* \< 0.05 when compared to 0 wt % Laponite.](am-2014-04566v_0001){#fig3}

Mechanical Testing of Nanocomposite Hydrogels {#sec3.3}
---------------------------------------------

From unconfined compression testing, hydrogels containing Laponite exhibited a significant increase in both the maximum compressive stress, fracture strain, and toughness when compared to Laponite-free samples (Figure [4](#fig4){ref-type="fig"}). The observed increase in these materials properties was presumably due to the increasing interfacial binding between Laponite and dopamine in the hydrogel. In the presence of external loads, breaking of dopamine-Laponite bonds occurs first while minimizing damage to the chemical cross-linked network, which means higher strength and energy were needed to fracture the more compliant nanocomposite than the Laponite-free hydrogels. Physical interactions between polymer matrix and the embedded nanoparticles have been previously reported to improve the fracture strength of hydrogels via reversible attach-detach processes.^[@ref52]^ However, there was no change in the elastic modulus. This observation is in agreement with results obtained from EWC analysis, which indicated that the incorporation of 1--2 wt % of Laponite did not drastically change the hydrogel cross-linking density.

![Results from compression testing of PEG-D4 hydrogels cured using a NaIO~4~/dopamine molar ratio of 0.5 and Laponite content of 0--2 wt %. \* *p* \< 0.05 when compared to 0 wt % Laponite.](am-2014-04566v_0002){#fig4}

The viscoelastic properties of the hydrogel were determined using oscillatory rheometry (Figure [5](#fig5){ref-type="fig"}). For all the formulations tested, the storage modulus (*G*′) values were greater than the loss moduli (**G*′′*), indicating the hydrogels were chemically cross-linked. For Laponite-containing samples, *G*′ increased with increasing frequency, while **G*′′* reached a plateau at 1 Hz. Similar observations have been reported for hydrogel cross-linked with both covalent and physical bonds.^[@ref53]^ Both measured *G*′ and *G*″ values for hydrogel containing Laponite were significantly higher than those of Laponite-free samples (∼1.5-fold and ∼3-fold increases, respectively, at 1 Hz). An increase in the stiffness of hydrogels implies that the incorporation of Laponite increased the cross-linking density of nanocomposite hydrogel. An increased **G*′′* indicated that these nanocomposites demonstrated elevated viscous dissipation properties due to the presence of reversible bonds in the hydrogel network.^[@ref52]−[@ref54]^ However, the increase in the measured *G*′ values was marginal when compared to Laponite-free network, suggesting that there may not have been a drastic change in the network structure. There was also no difference between the rheological data for samples containing different amounts of Laponite.

![Storage and loss modulus of PEG-D4 hydrogels with NaIO~4~/dopamine molar ratio of 0.5 containing up to 2 wt % Laponite subjected to oscillatory strain = 0.1 at a frequency of 0.1--100 Hz.](am-2014-04566v_0003){#fig5}

From the measured *G*′, hydrogel with Laponite showed less than 1.5-fold increase when compared to that of Laponite-free hydrogel. Similarly, EWC data and elastic modulus found from compression testing did not show much difference in values between these formulations. Taken together, we speculate that the cross-linking density of nanocomposite hydrogel was not significantly altered by the addition of 1--2 wt % of Laponite. These observations are potentially due to the location of dopamine as a terminal group in the four-armed-PEG polymer ([Supporting Information, Scheme S1](#notes-2){ref-type="notes"}). For PEG-D4 samples with and without Laponite, formation of cross-links (e.g., dopamine polymerization and dopamine-Laponite) occurs at the terminal dopamine group. Therefore, little change in the molecular weight between cross-links occurred with the introduction of Laponite, even if there was strong interactions between Laponite and dopamine. Previously, we demonstrated that when dopamine is present as a side chain of a polymer network, a small addition of Laponite (1--3 wt %) formed new cross-linking points and resulted in an increase in the storage modulus by more than an order of magnitude and a large reduction in equilibrium water content (16--21% decrease).^[@ref35]^ Additionally, there is competitive cross-linking for dopamine (i.e., covalent cross-linking between dopamine and noncovalent dopamine-Laponite interaction), which may have also limited the number of dopamine for interacting with Laponite. These observations also suggest that the interaction between PEG chain and Laponite was relatively weak in our sample, and this interaction did not sufficiently alter the network architecture. Given that there was a statistical increase in measured toughness and loss moduli in the Laponite-containing networks, strong interfacial physical interaction mainly occurred between terminal dopamine moieties and Laponite, as illustrated in Scheme [2](#sch2){ref-type="scheme"}.

Lap Shear Adhesion Testing {#sec3.4}
--------------------------

Incorporation of Laponite significantly enhanced the adhesive properties of the nanocomposite hydrogels (Figure [6](#fig6){ref-type="fig"}). PEG-D4 containing 2 wt % Laponite exhibited lap shear adhesive strength and work of adhesion values (7.9 ± 1.8 kPa and 16.8 ± 3.5 J/m^2^, respectively) that were nearly 2.5-fold higher than those for Laponite-free PEG-D4 (3.5 ± 1.2 kPa and 6.7 ± 2.0 J/m^2^, respectively). Observed increase in improved adhesive properties is attributed to the strong catechol--Laponite interaction, which required elevated fracture energy to separate the adhesive joint. When compared to mechanical testing results, incorporation of Laponite significantly increased the compressive properties and shear moduli of PEG-D4 hydrogels, indicating that increased bulk materials properties contributed to improved adhesive performance. These increases in the bulk materials properties allow the nanocomposite hydrogel to withstand more forces during the lap shear adhesion testing. This observation is consistent with previously published reports where bulk cohesive properties of an adhesive contribute to its adhesive properties.^[@ref55],[@ref56]^ In this work, PEG-D4 adhesive containing up to 2 wt % of Laponite achieved a good balance among the three competitive reactions that dopamine is capable of undergoing (Scheme [2](#sch2){ref-type="scheme"}), resulting in enhanced adhesive properties. PEG-D4 with and without Laponite also significantly outperformed CoSeal (Baxter, Inc., 0.6 ± 0.2 kPa and 1.5 ± 0.7 J/m^2^, respectively), a commercially available PEG-based adhesive. The lap shear strength values reported here are lower when compared to previously published results for catechol-modified PEG systems with similar architectures, which range ∼10--40 kPa.^[@ref57],[@ref58]^ However, it is not possible to compare these values directly due to differences in testing protocols (e.g., preparation of adhesive joint, strain rate, etc.) and substrates used.

![Lap shear adhesion test results of PEG-D4 hydrogels with NaIO~4~/dopamine molar ratio of 0.5 containing up to 2 wt % Laponite. \* *p* \< 0.05 when compared to 0 wt % Laponite and CoSeal. \# *p* \< 0.05 when compared to CoSeal.](am-2014-04566v_0004){#fig6}

In Vitro Degradation {#sec3.5}
--------------------

The effect of Laponite content of the degradation rate of the PEG-D4 was determined by tracking the change in the dry mass of the samples over time (Figure [7](#fig7){ref-type="fig"}). PEG-D4 lost over 70% of its dry mass over eight weeks and completely degraded soon after. Incorporation of Laponite did not affect the degradation rate of the hydrogels, indicating that mass loss was driven by the hydrolysis of ester bond between PEG and glutaric acid. FTIR analysis of hydrogel containing 2 wt % of Laponite still shows a Si--O--Si peak with reduced intensity after eight weeks of degradation ([Supporting Information, Figure S2](#notes-2){ref-type="notes"}), indicating that Laponite is still present in the hydrogel network.

![In vitro degradation of PEG-D4 hydrogels in PBS (pH = 7.4) at 37 °C. The values were normalized to the average dry mass of the hydrogels that did not undergo degradation.](am-2014-04566v_0005){#fig7}

MTT Assay {#sec3.6}
---------

A quantitative MTT assay was used to determine the cytocompatibility of PEG-D4 nanocomposites (Figure [8](#fig8){ref-type="fig"}). Regardless of sterilization methods and hydrogel formulations, hydrogel extracts were found to be noncytotoxic, with relative cell viability greater than 75%. Other catechol-modified polymeric adhesives have been demonstrated to be noncytotoxic.^[@ref19],[@ref40],[@ref57]^ As expected, Laponite did not adversely affect the biocompatibility of PEG-D4 formulations as it was previously determined to be biocompatible with various cell types when incorporated into hydrogel.^[@ref34],[@ref59]^ Interestingly, relative cell viability for hydrogel containing 2 wt % Laponite was significantly higher than that of Laponite-free PEG-D4 hydrogel when the hydrogel extracts were sterile-filtered. Leachable ions from the degrading Laponite possibly had a proliferative effect on fibroblast. Using the ethanol sterilization method, these degradation products were likely removed during soaking in ethanol and repeated washings by PBS, and there were no significant differences in cell viability between formulations.

![Relative cell viability of PEG-D4 hydrogels with up to 2 wt % Laponite. (left) Ethanol-based sterilization. (right) Filtration-based sterilization. ^\#^*p* \< 0.05 when compared to 0 wt % Laponite normalized to medium control.](am-2014-04566v_0006){#fig8}

Subcutaneous Implantation {#sec3.7}
-------------------------

To further evaluate the biocompatibility of these materials, PEG-D4 with either 0 or 2 wt % Laponite was implanted subcutaneously in rat for four and eight weeks. After four weeks of implantation, the histological analysis results revealed the formation of fibrous capsule at the interface between the implant and the subcutaneous tissue as well as a cellular infiltration layer that is rich in fibroblasts (Figure [9](#fig9){ref-type="fig"}). These observations resembled findings reported by others for degradable implants that promoted cellular infiltration.^[@ref44],[@ref60],[@ref61]^ Thicker fibrous capsules were observed for Laponite-containing hydrogels (Table [1](#tbl1){ref-type="other"}), which may be associated with elevated proliferation and activation of fibroblasts, which up-regulated collagen production in the tissues surrounding the hydrogel.^[@ref44]^ Our hydrogel cytotoxicity testing results seem to indicate that leachable ions from Laponite support fibroblast proliferation (Figure [8](#fig8){ref-type="fig"}). Although there was no difference in the thickness of infiltration layer between samples, there is a significantly higher cellular density for Laponite-containing hydrogels. The infiltration layers of 2 wt % Laponite hydrogels also consisted of a small amount of macrophage, while those of 0 wt % Laponite hydrogels were macrophage-free ([Supporting Information, Figure S3](#notes-2){ref-type="notes"}). The release of inorganic ions from Laponite potentially contributed to the increased inflammatory response of the nanocomposite. Both trichrome and immunofluorescent staining indicated that no cells were observed inside the hydrogels.

![Histological characterization of PEG-D4 hydrogels containing 0 and 2 wt % Laponite and surrounding tissues after four weeks of subcutaneous implantation. Masson's trichrome staining images for evaluating the overall tissue section morphology and the thickness of the fibrous capsule (fc) (A, D). Immunohistochemical staining images for evaluating the infiltration cell type and density (B, C, E, F). Cell nuclei were stained by DAPI (blue), fibroblasts were stained by marker S100A4 (green). (C) and (F) are the enlarged view of the orange boxes in (B) and (E), respectively. "h": hydrogel; "il": infiltration layer; one-sided arrows: interface between hydrogel and tissue; two-sided arrows: the thickness of the infiltration layer.](am-2014-04566v_0007){#fig9}

###### Fibrous Capsule Thickness, Inflammation Response, Cell Infiltration, and Infiltrated Cell Density Assessment of the Implanted PEG-D4 Hydrogels (0 and 2 wt % Laponite) and Surrounding Tissue Retrieved after Four and Eight Weeks of Subcutaneous Implantation

                                                                                four weeks                                    eight weeks                                                                
  ------------------------------------------------------------ --------------------------------------------- ---------------------------------------------- -------------------------------------------- ------------
  fibrous capsule thickness (μm)                                                253 ± 18.7                                     305 ± 41.2                                    498 ± 60.6                   337 ± 77.9
                                                                *p* = 0.045[a](#t1fn1){ref-type="table-fn"}   *p* = 0.0002[a](#t1fn1){ref-type="table-fn"}                                               
  cell infiltration thickness (μm)                                              125 ± 15.1                                     126 ± 4.90                    cells infiltrated throughout these samples  
                                                                *p* = 0.85[a](#t1fn1){ref-type="table-fn"}                                                                                               
  inflammatory response[b](#t1fn2){ref-type="table-fn"}                             --                                             \+                                            --                           --
  cell density (cells/mm^2^)[c](#t1fn3){ref-type="table-fn"}                    2530 ± 496                                     4510 ± 711                                    6860 ± 838                   9580 ± 839
                                                                *p* = 0.020[a](#t1fn1){ref-type="table-fn"}   *p* = 0.014[a](#t1fn1){ref-type="table-fn"}                                                

*p* \< 0.05 indicates significant difference (analyzed by *t* test).

"+" and "--" denote positive outcome and negative outcome, respectively.

Cell density within the infiltration layer and throughout the bulk of the hydrogels for week four and eight samples, respectively.

After eight weeks, the thickness of fibrous capsule surrounding Laponite-free hydrogels nearly doubled, while the fibrous capsule thickness for hydrogels containing 2 wt % Laponite remained the same (Figure [10](#fig10){ref-type="fig"}, Table [1](#tbl1){ref-type="other"}). Qualitatively, Laponite-containing samples appeared smaller when explanted when compared to Laponite-free samples by week eight. The presence of macrophages and higher fibroblast cellular density at the earlier time point potentially hasten the degradation of Laponite-containing PEG-D4 network.^[@ref62]^ Therefore, relatively thinner fibrous capsules are attributed to the host resolving the foreign-body response for the smaller Laponite-containing samples. No macrophages were observed for both hydrogel types (images not shown), and the samples were completely infiltrated with fibroblast, which appeared to be evenly distributed within the whole gel. Additionally, there was a significantly higher cell density in hydrogels containing 2 wt % Laponite as compared to that of Laponite-free sample.

![Histological characterization of PEG-D4 hydrogels containing 0 and 2 wt % Laponite and surrounding tissues after eight weeks of subcutaneous implantation. Masson's trichrome staining images for evaluating the overall tissue section morphology and the thickness of the fibrous capsule (fc) (A, D). Immunohistochemical staining images for evaluating the infiltration cell type and density (B, C, E, F). Cell nuclei were stained by DAPI (blue), fibroblasts were stained by marker S100A4 (green). (C) and (F) are the enlarged view of the orange boxes in (B) and (E), respectively. "h": hydrogel; arrows: interface between hydrogel and tissue.](am-2014-04566v_0008){#fig10}

Subcutaneous implantation results indicated that PEG-D4 nanocomposite is biocompatible. The thickness of fibrous capsule surrounding 2 wt % Laponite hydrogels at eight weeks postimplantation was significantly lower when compared to Laponite-free samples. This indicated that there is a reduced foreign-body reaction to the implanted nanocomposite.^[@ref44],[@ref63]^ Additionally, there was no macrophage present after eight weeks for samples containing either 0 or 2 wt % Laponite, indicating that these hydrogels did not induce prolonged inflammatory response. Other catechol-modified polymeric adhesives have also been demonstrated to elicit minimal inflammatory responses in vivo.^[@ref19],[@ref57]^ Additionally, Laponite has been previously shown to be biocompatible when incorporated into a hydrogel^[@ref33],[@ref34],[@ref64]^ with biocompatible degradation products (Na^+^, Si(OH)~4~, Mg^2+^, Li^+^).^[@ref30]^

Most interestingly, Laponite-incorporated hydrogels displayed an enhanced level of cellular infiltration at both time points. Laponite has been previously reported to provide binding sites for cell attachment and proliferation.^[@ref33],[@ref34],[@ref64]^ The relatively small pore size (mesh size on the order of 70 Å)^[@ref40],[@ref65]^ in the PEG-D4 network provides physical hindrance for cellular ingrowth. However, the presence of dopamine-Laponite physical cross-links can potentially be broken and displaced by migrating cells. Cellular infiltration into synthetic, physically cross-linked networks have been previously demonstrated.^[@ref66]^ To induce cellular infiltration into inert and synthetic hydrogels, hydrogels are typically modified with cell-binding peptides (e.g., RGD) or other bioactive protein^[@ref67]−[@ref69]^ or are designed to be susceptible to matrix metalloproteinase-mediated degradation,^[@ref57],[@ref70]^ which requires complicated and multistep chemical synthesis. Compared to these strategies, introducing Laponite into a hydrogel network offered a facile method to simultaneously promote bioactivity and adhesive property of a PEG-based adhesive. The formation of fibrous capsules surrounding PEG-D4 nanocomposite may hinder the molecular exchange between implanted materials and surrounding tissues, indicating that the adhesive may not be appropriate for repairing tissues that are rich in vasculatures.^[@ref71]^ However, Laponite has previously been demonstrated to promote osteoblast proliferation, differentiation, and mineralization.^[@ref33]^ Additionally, Laponite shares much composition similarity to silica that has been previously suggested to serve as a cross-linking agent in connective tissue.^[@ref72]^ Nanocomposite adhesive described here may be a promising biomaterial for bone and connective tissue repair. Additional study is required to evaluate the effect of Laponite incorporation on the performance of adhesive in vivo.

Conclusion {#sec4}
==========

We described an injectable nanocomposite tissue adhesive hydrogel based on dopamine-functionalized four-arm PEG and a synthetic nanosilicate, Laponite. Introduction of Laponite significantly increased the curing rate, bulk mechanical property, and adhesive property of the adhesive due to strong interfacial binding between dopamine and Laponite. The addition of Laponite did not alter the degradation rate and biocompatibility of PEG-D4. From subcutaneous implantation in rats, PEG-D4 nanocomposite hydrogels elicited minimal inflammatory response. Additionally, samples containing Laponite exhibited a significantly higher level of cell infiltration than that of the Laponite-free control, indicating that the addition of Laponite is potentially a simple and effective method to simultaneously promote bioactivity and adhesive performance of a bioinert, synthetic PEG-based adhesive.

Schematic of nanocomposite hydrogel injectability, FTIR spectra of degraded hydrogel, and CD68 cell marker staining results. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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